Nudds, Robert L., and David M. Bryant. Consequences of load carrying by birds during short flights are found to be behavioral and not energetic. Am J Physiol Regulatory Integrative Comp Physiol 283: R249-R256, 2002; 10.1152/ ajpregu.00409.2001The doubly-labeled water technique and video were used to measure the effect of mass loading on energy expenditure and takeoff performance in zebra finches, Taeniopygia guttata, that were making routine (nonalarm) short flights. Finches that carried 27% additional mass did not expend more energy during flight than unloaded controls. Carrying additional mass, however, led to a reduced body mass and a decreased velocity during takeoffs (by 12%). Calculations of instantaneous mechanical power indicated that energy expended by unloaded and loaded finches at takeoff was similar, due to the observed decrease in velocity by mass-loaded finches and a lowering of their body mass. During routine short flights, zebra finches appear to maintain their metabolic power input and mechanical power output regardless of mass loading. Here, the costs of carrying additional mass during routine short flights were revealed to be behavioral and not energetic. doubly-labeled water; energy expenditure; mass loading; zebra finch MANY BIRDS SHOW MARKED SEASONAL and diurnal variations in body mass (8, 15, 23, 27, 29, 30, 43, 54, 56) . For example, small passerines may have masses up to 29% greater in winter than in summer (29) and experience mass changes of 7-15% each day (15, 23, 30, 43, 56) . Also, many migratory passerines accumulate over 50% additional mass before migration (8). The consequences of these dramatic mass changes for power requirements and behavior during flight are not yet clear (21). Accordingly, this study explores the trade offs involved in load carrying, in the context of short, energy-demanding flights by birds.
cerned with sustained cruising flight, which did not involve frequent takeoffs and landings. If mechanical power does not increase with larger loads or if the efficiency of conversion of metabolic power to mechanical power decreases, then a higher body mass may result in a decrease in flight performance. Such a decrease in performance should be evident in takeoff velocities and angles among birds performing short flights (37) . In line with this, a mass-induced compromise in takeoff performance has been found in birds performing both routine flights (i.e., nonalarm) and alarm flights (22, 26, 30, 55) . On the other hand, some studies have found no effects of mass on takeoff performance during either alarm or routine flights (19, 20, 49, 50) and this warrants an explanation.
Behavioral effects of load carrying on takeoff performance are usually interpreted as costs in terms of an increased predation risk (4) , but there may be other disadvantages. Although birds are assumed to be using maximum power (both metabolic and mechanical) during alarm flights, none of the earlier studies of takeoff performance looked at the effects of mass change on energy expenditure. Possibly, the absence of an effect of mass loading on takeoff performance (19, 49) is due to an increasing metabolic power input.
During steady-state flight at minimum power speed, a 25% increase in body mass is predicted to increase the mechanical power (P mech ) required for flight by 45-50% (39) . Although the effect of mass loading on pigeons was found to be less than predicted by aerodynamic theory (3, 21) , nonetheless a substantial increase in P mech with increasing mass loading was recorded. Assuming that the efficiency for the conversion of metabolic power to P mech is not altered by the additional body mass, then metabolic power (P met ) and hence flight energy expenditure should be affected in a similar way. Short flights differ from steady-state flights in that they are performed at air speeds below minimum power speed. At low air speeds, induced power is dominant, increases as the square of body mass, and is the component of flight power most affected by additional mass loading (34, 35, 39) . Short flights should therefore be more affected by mass loading than steady-state flights. Any increase in the power demands of a short flight, therefore, which is already known to be an extremely demanding activity (36, 37) , will have implications, particularly for small passerines that perform repeated short flights.
This study used the doubly-labeled water (DLW) technique to measure the effects of mass loading on short-flight energetics. Video was used in tandem with the DLW technique to determine any effect of mass loading on takeoff velocity and angle. Dorsal packs ("backpacks") were used to increase the mass of male zebra finches by 26-27% . The hypothesis under test was that the addition of mass would impact negatively on short flight performance, specifically by increasing the energetic cost of flight, decreasing takeoff performance, or both.
METHODS
Training. Thirty male zebra finches were trained to fly back and forth between two automated perches positioned at either end of a 5.46-m-long plastic-walled flight aviary. Flights from one end of the aviary to the other were induced by the simultaneous withdrawal of one perch and presentation of the other (37) . After 3 wk of training, all the finches were fitted with weighted backpacks (Figs. 1 and 2).
The backpacks containing loads consisted of two lengths of drinking straw, 18 mm in length and 6 mm in diameter, glued (Loctite super attak-cyanoacrylate) and taped side-byside (Fig. 2) . Glued between the two straws was a length of 4-mm-wide clothing elastic. A 4-mm slot was cut along the outside at the midpoint of one of the drinking straws and was large enough to allow the other end of the elastic to pass through. The tape was passed around the straws twice and the elastic left protruding. The straws and the elastic were then glued to a piece of muslin, so that the elastic exited between the muslin and bound straws on the opposite side to the slot. The muslin was the same width as the two straws, but protruded by 6 mm at either end. The load itself consisted of "AA size" fishing weights (each ϳ0.8 g). These were packed inside the drinking straws, tight enough not to be shaken out, but loose enough to allow easy removal and replacement. Fine adjustments in loads were made using modeling clay between the weights within the straws.
A combination of an elastic body strap and glue were used to attach backpacks to finches. There were two dorsal gluing sites, one at either end of the backpacks. The anterior of the backpacks was positioned behind the shoulder joint, ensuring that the extra mass was positioned as near to the finches' center of gravity as possible while not restricting the humerus during the upstroke. The posterior of the backpacks was glued onto the rump of the finches. Glue was applied to the 6 mm of overhanging muslin at either end of the backpacks only, which provided firm adhesion but avoided any restriction of flexibility that more extensive gluing may have caused. The function of the strap was to prevent the birds' movements gradually loosening the backpacks. Backpack removal was accomplished by using nontoxic cyanoacrylate glue remover. Mounting points were cleaned with alcohol before fitting and again after removal of backpacks. On no occasion did damage occur to the skin of the finches. The backpacks remained on the finches at all times (when training in the flight aviary and when in the housing cages). During a further week of training (i.e., 4 wk total training), the mass of the backpacks was increased gradually to 26% of body mass. Preliminary trials had shown a 26% gain to be manageable by the finches. After the backpacks had reached their maximum loads, training continued for a further 9 days. By having the birds wear the backpacks for a continuous period before the experiment, any potential energy expenditure-increasing effects caused by a small shift in the center of gravity were minimized.
Experimental protocol. On the morning of the experiment, six finches were randomly assigned to one of three treatments: control, empty backpack (manipulated controls), and loaded backpack (manipulated). Control finches had their backpacks removed. Manipulated controls had the weights removed from their packs and cotton wool inserted tightly into each straw. The cotton wool ensured that the drag caused by empty-packs (only 2.5 Ϯ 0.1% of body mass) was equal to that caused by full packs. Manipulated finches had their loads (backpack ϩ weights) adjusted so that they equaled 26% of their body mass; due to body mass loss during the experiment, this increased to a mean of 27.4 Ϯ 0.4% ( Table 1) .
The DLW technique (44) was used to measure energy expenditure. The finches received intraperitoneal injections of DLW (10 l/g body mass). The injectate was prepared by adding 0.374 g of 99.9 atom percent excess (APE) Deuterium to 5 ml of 20.0 (APE) H 2 18 O. After labeling, the finches were placed inside holding bags for a 1-h equilibration period (52, 53) . Initial body water samples were then taken from the femoral vein distal to the tarsal joint and final samples from both femoral and brachial veins (over the humerus-ulna joint). Blood samples (5 l) were immediately flame-sealed within Vitrex capillaries (Modulohm, Denmark), a maximum of seven taken per finch. Labeling and body water withdrawal sites were cleaned with ethanol before and after injection and venepunctures. Background isotope levels [D ϭ 141.3 ppm (parts per million), 18 O ϭ 1989.64 ppm] were determined from body water samples taken from finches that did not take part in the experiments but were nevertheless subject to the same training regime and water supply. Isotope concentrations were determined following the methods of Tatner and Bryant (45) . A respiratory quotient of 0.75 was used in the calculations of energy expenditure (38) .
The time between taking initial and final blood samples in this experiment was 28 h. The 18 O turnover (difference in initial and final sample specific activities) during this period was 59 Ϯ 1%, which is greater than the 50% minimum recommended by Nagy (31) and remains sufficiently above background abundance to achieve accuracy (45) . In addition, the chosen time interval provided the largest proportion of flight activity and greatest control of nonflight activities.
After being labeled, all three treatment groups entered the same experimental protocol, which entailed 12-h flying in the flight aviary (1 flight per minute), interspersed by four 1-h feeding periods and a 12-h overnight dark-phase ( Table 2) . The time budgets of the three treatment groups were alike ( Table 3 ). The experimental protocol was repeated five times (once each for 5 groups of 6 finches). All 30 trained finches were used and none was used twice. Throughout the training and experimental periods, both in housing and the flight Values are Ϯ SE. Body mass does not include the mass of backpacks and is the mean of measurements taken before and after experiment. 
0700
Lights on. Two finches taken from respirometer and replaced in feeding cage with the other four. Food and water introduced to finch cage. 0800
Six finches labeled with DLW.
0830
Finches placed into the flight aviary where they performed flights at 1-min intervals. 0900
Initial body water samples taken and finches placed into the flight aviary, where they performed flights at 1-min intervals. 1030
All six finches captured and placed together in a finch cage for feeding.
1100
Finches put back into flight aviary to perform flights.
1300
Finches removed from flight aviary/perching box and final body water samples taken in same sequence as initial sampling (First finch at 1300, sixth finch at around 1410).
1330
1530
1600
Finches back into flight aviary performing flights.
1800
1900
Lights out. Two finches (one control & one manipulated) placed in respirometry chamber for 12-h night period. The remaining four finches spend night period in a finch cage minus food and water.
DLW, doubly-labeled water. Values are minutes Ϯ SE. The slight, although not significant (F2,21 ϭ 0.71, P ϭ 0.504), difference in time spent in flight between the 3 groups is largely attributable to impromptu flights. The quantity contributed by impromptu flights to total flight times were controls 4.0 Ϯ 0.9, manipulated controls 2.4 Ϯ 1.0, and manipulated 3.4 Ϯ 0.9. aviary, the ambient temperature was maintained between 20 and 22°C.
To determine whether backpacks affected resting metabolic rate (RMR), ten control and ten manipulated finches had their RMRs measured in an open-flow respirometry system (38) . Measurements were made under two light regimes: day and night. Five each of the control and manipulated finches were measured under daylight conditions on the days directly after the experiments, and five of each treatment at night during the 12-h overnight dark phase of the experiment.
Finches were filmed (VHS 25 Hz) taking off in both directions (once from each end of the aviary) on five occasions during the experiment (1200, 1430, 1700, 0930, and 1200). Three-dimensional reconstruction of the flight paths was achieved by using mirrors placed perpendicular to the cameras, but angled up at 45° (37) . Flight velocity was calculated from the distance traveled between the eighth and ninth frames after takeoff. Mean takeoff angle was also calculated from the height obtained after nine video frames. The selection of the eighth and ninth frames for data acquisition was necessitated because before the eighth frame, individual finches obscured each other during the group takeoffs. Video recordings were edited in Adobe Premier version 4.2.1 (Adobe Systems) and resulting clips were transferred into National Institutes of Health (NIH) Image version 1.60 (developed at the NIH and available on the Internet at http://rsb.info.nih. gov/nih-image/) for positional analyses. Finches were also filmed during feeding periods so that feeding rates (pecks/h) could be determined for each treatment (37) .
Flight durations were determined from the video recordings and at frequent but irregular times by stopwatch. To maintain continuity with takeoff parameter measurements, flight durations determined from video analyses were preferred for statistical analyses. Because relatively few video recordings were made, however, video flight durations were compared with stopwatch durations to determine whether the video measures were representative of all flights made by the finches. A two-tailed paired t-test showed there to be no difference between individual finch mean flight durations recorded by either method (t ϭ Ϫ1.38, n ϭ 24, P ϭ 0.18). The slope of a least-squares regression (r 2 ϭ 0.99, F1,22 ϭ 7057.98, P Ͻ 0.001) of stopwatch-determined flight durations against video determined values did not differ significantly from unity (y ϭ 1.02x). The regression was performed through the origin because the intercept did not differ significantly from zero (t ϭ 1.67, P ϭ 0.111). In addition, the repeatability (24) of the video-derived flight durations and velocity measures for each finch was very high (see RESULTS) , indicating that the video measures were representative of all flights made by the finches. All impromptu flights, which were "voluntary" and consisted of a flight made from the perch to the other end of the aviary (where the perch was still withdrawn) and back to the still-extended perch, were recorded and their durations timed by stopwatch (Table 3) .
Data analysis. All data were normally distributed and consequently all statistical tests were parametric and were performed using MINITAB version 11.2. Means are displayed as ϮSE unless otherwise stated. Due to the loss of some DLW samples during analysis and withdrawal of some finches midexperiment for welfare reasons (because apparently fatigued), final group sizes were controls, 8; manipulated-controls, 7; and manipulated, 9. To standardize with respect to body mass, energy expenditure has been expressed in multiples of basal metabolic rate (BMR) (37) . To allow for wider comparisons, however, it has also been expressed in kilojoules.
RESULTS
Energy expenditure. An analysis of variance showed that energy expenditure did not significantly differ between treatments after controlling for proportion of time spent in flight (T f ; treatment, F 2,20 ϭ 2.0, P ϭ 0.161; T f , F 1,20 ϭ 4.05, P ϭ 0.058). Means (ϫBMR) adjusted for variation due to T f were 2.51 Ϯ 0.11 (control), 2.72 Ϯ 0.11 (manipulated control), and 2.44 Ϯ 0.10 (manipulated). Similarly, total energy expenditure, when not adjusted for either body mass or T f , did not differ between treatment groups (F 2,21 ϭ 1.13, P ϭ 0.341). The corresponding means (kJ) were 61.74 Ϯ 3.0 (control), 64.53 Ϯ 3.2 (manipulated control), and 58.13 Ϯ 2.8 (manipulated).
The similarity in energy expenditure was not a consequence of finches compensating for the extra energy cost of mass loading by lowering metabolic rate during nonflying activity. Hence, feeding activity (pecks/h) of finches did not differ significantly between groups (F 2,23 ϭ 0.20, P ϭ 0.823). Means were 974.6 Ϯ 95.5 (control), 1,014.4 Ϯ 115.0 (manipulated control), and 980.7 Ϯ 119 (manipulated). Likewise, a two-way ANOVA showed that treatment (carrying a weighted backpack) did not significantly influence the RMR of finches, although, as expected, light regime did (treatment, F Flight performance. A repeated-measures general linear model (GLM) showed takeoff velocity to vary between finches but observation time and flight direction to have no detectable effect on takeoff velocity (GLM: finch, F 23,78 ϭ 2.57, P ϭ 0.003; observation, F 1,78 ϭ 0.59, P ϭ 0.445; direction, F 1,78 ϭ 3.44, P ϭ 0.070). A similar analysis showed that takeoff angle did not differ between finches or with direction and did not vary with observation time (GLM: finch, F 23,78 ϭ 0.93, P ϭ 0.563; observation, F 1,78 ϭ 0.23, P ϭ 0.637; direction, F 1,78 ϭ 0.01, P ϭ 0.912). Because observation time and direction proved nonsignificant, they were removed from the statistical models and the resulting ANOVAs (with finch as the single factor) were used to calculate the repeatability of takeoff velocity (F 23,47 ϭ 2.67, P ϭ 0.002) and angle (F 23,47 ϭ 0.8, P ϭ 0.719). The repeatability of takeoff angle was extremely low (negative as MS A Ͻ MS W , where MS A and MS W refer to mean square among and within individuals, respectively). In contrast, the analysis suggested that withinfinch takeoff velocity was highly repeatable (0.88). Flight duration also did not differ with observation time or flight direction, but was dependent on the finch performing the flight (GLM: finch, F 23,78 ϭ 1.92, P ϭ 0.018; observation, F 1,78 ϭ 2.12, P ϭ 0.127; direction, F 1,78 ϭ 1.26, P ϭ 0.264). Flight durations of individual finches also appeared to be very repeatable (0.84).
Because neither observation time nor direction affected flight duration, takeoff angle, or takeoff velocity, the following analyses used the individual finch means averaged over both flight directions and then over all observations. Mass loading did not affect takeoff angles (F 2,21 ϭ 0.10, P ϭ 0.904). Means were 9.6 Ϯ 1.0°( control), 9.1 Ϯ 1.0°(manipulated control), and 9.6 Ϯ 0.9°(manipulated). Mass loading also failed to have an effect on flight duration (F 2,21 ϭ 0.01, P ϭ 0.993); means were 1.63 Ϯ 0.05 s (control), 1.63 Ϯ 0.04 s (manipulated control), and 1.63 Ϯ 0.04 s (manipulated). Velocity during takeoff, however, was slower in manipulated finches than in control and control manipulated finches (F 2,21 ϭ 3.04, P ϭ 0.069). The P value obtained from an ANOVA using all three treatment groups was not quite significant at the 5% level. Means (m/s) were 3.60 Ϯ 0.14 (control), 3.62 Ϯ 0.20 (manipulated control), and 3.18 Ϯ 0.10 (manipulated). The power of the statistical test, however, was very low (1 Ϫ ␤ ϭ 0.18) allowing that the effect was real. From the means of the three groups, it could be seen that there was no difference between controls and manipulated controls (F 1,14 ϭ 0.01, P ϭ 0.941). Therefore, to improve the power of the statistical test, the two control groups were amalgamated. A comparison of the joint control group and the manipulated group showed that manipulated finches accelerated during takeoff at a significantly lower rate than joint control finches (F 1,22 ϭ 6.35, P ϭ 0.019). The means (m/s) for each group were 3.61 Ϯ 0.12 (joint controls) and 3.18 Ϯ 0.10 (manipulated).
Body mass. The initial body masses of the three treatment groups did not differ significantly (F 2,21 ϭ 0.80, P ϭ 0.461). Means (g) were 13.69 Ϯ 0.35 (control), 13.33 Ϯ 0.45 (manipulated control), and 14.0 Ϯ 0.32 (manipulated). In contrast, manipulated finches lost more body mass over the experimental period than either control or manipulated control finches. Again the P value obtained from an ANOVA using all three treatment groups was not quite significant at the 5% level (F 2,21 ϭ 3.29, P ϭ 0.057). Means (% of body mass) were 5.77 Ϯ 0.56 (control), 5.87 Ϯ 0.61 (manipulated control), and 8.00 Ϯ 0.66 (manipulated). The power of the statistical test, however, was again very low (1 Ϫ ␤ ϭ 0.22), allowing that the effect may have been real. There was no difference in percent body mass lost by control and manipulated control finches (F 2,13 ϭ 0.02, P ϭ 0.903). Amalgamating the two control groups and comparing the joint mass loss among controls (5.82 Ϯ 0.51) against that of manipulated finches (8.00 Ϯ 0.66) suggested that manipulated finches did experience a significantly increased mass loss during the experiment (F 2,21 ϭ 6.88, P ϭ 0.016).
In contrast, body water flux (expressed as a % of body water volume per day) calculated using equation 3 of Nagy and Costa (32) did not differ between treatments (F 2,21 ϭ 0.20, P ϭ 0.820). Means were 36.5 Ϯ 2.6 (control), 38.8 Ϯ 3.1 (manipulated control), and 36.7 Ϯ 2.7% (manipulated).
Mechanical power. Bird flight aerodynamic models have not considered an acceleration component (35, 39) . Therefore predictions derived from them and applied to flight with an acceleration component (for example, takeoff) are at best an indication of relative P mech values and may bear little relation to reality. An overall effect of the increased mass loss and reduced takeoff velocity, however, was assessed by estimating the instantaneous mechanical power output between the eighth and ninth video frames after takeoff (Table  4 ). Instantaneous energy gain (42) in joules was calculated from m ⅐ 1/2 (V 2 ) ϩ g z, where, m is mass, V is velocity, g is acceleration due to gravity, and z is height gained and the result multiplied by 25 (camera speed 25 Hz) to obtain a mechanical power estimate in watts (W). Height changes between the eighth and ninth video frames were very small and did not differ between treatment groups (F 2,21 ϭ 2.35, P ϭ 0.120). Means (m) were 0.002 Ϯ 0.002 (control), 0.006 Ϯ 0.002 (manipulated control), and 0.000 Ϯ 0.002 (manipulated). Similarly, mechanical power was almost identical between treatment groups (F 2,21 ϭ 0.02, P ϭ 0.977). Means (W) were 2.19 Ϯ 0.19 (control), 2.23 Ϯ 0.19 (manipulated control), and 2.17 Ϯ 0.18 (manipulated).
DISCUSSION
No increase in energy expenditure of finches in response to carrying additional mass equal to 27% of body mass was found. Instead the effect of the mass burden was manifest as a 12% reduction in takeoff velocity and an apparent downward regulation of body mass during the experiment. Furthermore, mechanical power outputs did not differ between treatment groups. If mass-loaded finches had not experienced a reduction in flight velocity or an increased rate of mass loss, then the estimate of mechanical power would be 2.80 W (29% higher than that calculated with trade offs). The estimate of 2.80 W assumes that velocity and mass loss with no trade offs would be equal to that of control finches (where velocity ϭ 3.6 m/s instead of 3.18 m/s and mass loss ϭ 5.77% instead of 8.0%, giving a mean body mass of 13.60 g instead of 13.43 g). Hence, the additional loss of body mass and decrease in velocity during takeoff appears to offset the increased energy demand imposed by the mass loading. Of course, this assumes that the conversion of metabolic (energy expenditure) to mechanical power was similar in each treatment group. There is no obvious reason why finches carrying external loads are likely to suffer a reduced efficiency of conversion. More likely, an increase in efficiency would be appropriate to allow for loading (21) , in which case metabolic power could be expected to remain low while relative mechanical power was increased. The lack of a measurable difference in energy expenditure is therefore likely to be more robust than the variation in the data would suggest, particularly as no trend toward greater energy expenditure in mass-loaded finches was apparent and feeding rate (an indirect indication of energy use) was not elevated. Because a compensatory mechanism for reducing energy demand (or maintaining energy expenditure at a given level) was identified, the inference of additional energy-saving mechanisms such as a reduction in RMR (5, 38) is not necessary. Even so, no difference in either the day-or nighttime RMR of control and mass-loaded finches was detected.
The results of this study appear to contradict previous studies with pigeons (12) and red knot (21) , which found that mass loading increased the metabolic cost of flight. A direct comparison, however, is inappropriate. The pigeons and knot performed long-distance sustained cruising flights as opposed to the short flights performed by the finches in the present study. An upward takeoff is likely to be the most energetically costly component of a flight and therefore the range of metabolic power levels required to perform such a maneuver is narrow. In contrast, steady-state cruising flight can be achieved over a wider range of power levels usually corresponding to a change in flight velocity (33, 40) . Thus the physiological restraints and behavioral options are different in each situation. Hence, the lack of an increase in energy expenditure during the short flights found here does not necessarily, and most likely does not, extrapolate to steadystate flight. Similarly, whether the reduction in flight velocity would have occurred had the finches reached cruising flight speed, as found in previous mass loading studies (12, 17, 40, 51) , is not clear. A curious finding was that despite the mass-loaded finches having slower takeoffs, their flight durations were not longer than the control group. An increase in mass, however, increases wing loading and subsequently increases the rate of altitude loss during gliding flight (39) . Therefore, when coming into land, a loaded finch will have to maintain flapping flight for longer. Perhaps the landing approach was made at higher speed, which offset the time lost during takeoff.
The observed decrease in velocity and the observed mass loss may be both a behavioral and physiological response. Presumably, full compensatory mass loss (i.e., equivalent to the mass of the backpacks) was not possible over the relatively short period of the experiment or perhaps not possible physiologically while maintaining flying ability. Nevertheless, although the mechanism was not apparent, body mass reduction may be an adaptive response to an increase in energy demand. In the absence of an increase in energy expenditure, the most plausible mechanisms of mass loss are likely to be a reduced food intake or dehydration. Finch-mediated anorexia (i.e., eating less) did not appear to occur here; feeding rates were similar among treatment groups (see above). Whether dehydration can explain the increase in mass loss is not clear. Uncertainties concerning final body water volumes in the calculations of water flux rates means that dehydration cannot be ruled out as the mechanism for body mass reduction. Similarly, feeding rates and digestive efficiency may vary independently, and therefore a reduction in caloric intake cannot be wholly disregarded as a cause of mass loss.
When given a weight burden, zebra finches during routine short flights either lack the power surplus required to accommodate it or choose not to expend more power. The fact that previous studies have found birds capable of increasing takeoff velocity when alarmed (49, 50) suggests that during routine flights birds choose to use the same power level. The power level may be determined by the upper limit of aerobic power available. Perhaps only when alarmed are finches prepared to use anaerobic power, which would fatigue the flight muscles and possibly result in a reduced flight performance if a predator attack occurred soon after the routine flight. Alternatively, the upper limit for power used during routine flights may be set by an increased risk of cell or tissue damage caused by either a muscle strain resulting from increased force production or perhaps a requirement for more physically demanding wing kinematics (14) . To accommodate mass loading during takeoff, pigeon wing kinematics have been found to change (3) and birds are known to vary wing beat gait in response to changes in flight demands (46) . Although the upper limit of aerobic power is set physiologically, the maintenance of metabolic power at an unloaded level when loaded is likely to represent a behavioral decision.
In agreement with aerodynamic theory (34, 39) , pigeons have been shown to increase mechanical power output in response to mass loading (3, 6) . The increases in power measured, however, were lower than predicted and unlike the present study were not proportional to mass loading. Metabolic power was not measured and again measurements were taken during steady-state level flight. Therefore the results are not necessarily applicable to short flights. Nevertheless, consistent with the present study, the pigeon data suggest a behavioral component in responses to mass loading. Mechanical force production by the pectoralis muscles increased with mass loading, suggesting that at lower mass loading the pigeons were using a submaximal power level. Moreover, large variations in the mechanical forces recorded for individual pigeons (3) indicate that response strategies to mass loading may differ markedly between individuals. Together, studies of mass loading during flight suggest that caution should be exercised when developing predictions of the effects of mass loading from aerodynamic models. Their application to many ecological situations is limited because they do not incorporate an acceleration component, a ceiling for available power, or knowledge of metabolic-mechanical conversion efficiency, nor do they allow for behavioral and physiological trade offs. The response to manipulations during flight will likely involve multi-level trade offs, and therefore outcomes will be considerably more complex than simple changes in mechanical flight performance. Indeed, the failure of at least two studies to find an effect of mass on mechanical takeoff performance (19, 49) may be because costs were experienced at a different level to that being investigated.
Our findings may have implications for foraging economics and foraging tactics of birds when short flights are common (for example, during the chick-rearing period). The mass loading used in this study was both artificial and substantial at 27% of body mass, and perhaps an "other-things-being-equal" scenario (i.e., increase in nonflight motor mass, without a concomitant increase in organ or flight apparatus mass) is likely to be rare in a wild situation. Some studies, however, both observational and experimental, have shown birds to reduce their body masses in response to increased predation pressure and have suggested it to be indicative of birds adaptively adjusting their body masses in relation to the perceived level of predation risk (11, 13, 25) . Although the finches did not encounter a predator during the present study, they were captured at regular intervals throughout the training period and experiment. The capture event may have been perceived as a predation event and conceivably the finches' reduction in body mass was a response to an increased perception of predation risk. The reason why the body mass loss was greater in loaded finches than unloaded finches may have been due to the optimum body mass/physiological state being different for each group. Predation risk is thought to be traded off against future body reserves (11, 28, 30) . Hence, the loaded finches may have responded more to the perceived risk and lost more mass, whereas controls remained at their optimum.
Under the conditions in this study the finches apparently regulated their body masses, and as a consequence of the weight burden suffered a reduction in takeoff velocity. The loss in body mass is likely to be peculiar to the methodology of adding mass artificially, but suggests that body mass can be regulated by the finches either behaviorally or physiologically. In contrast, although the level of metabolic power may be selected, the reduction in velocity is a consequence of physical constraints and is likely to be universal. In terms of costs, a reduction in velocity may increase "potential" predation risk.
Perspectives
Mass loading was found to have no measurable effect on metabolic rate during short flights made by zebra finches. Analogous results have been found in tammar wallabies Macropus eugenii (1) . Mass-loaded wallabies were able to maintain hopping performance by means of elastic energy savings in hindlimb tendons, whereas the finches here suffered a reduced takeoff performance. Mechanical power vs. speed curves for some birds, however, have been found to be "J" shaped and not "U" shaped as predicted by several bird flight aerodynamic models (7, 9, 41 ). It appears that some birds are able to fly over a wide range of flight speeds with little or no extra demands in either mechanical (7) or metabolic power (2, 16, 47, 48) . Similar results have also been reported for bumblebees (10) . Similar to wallabies (1), therefore, some birds, when a single currency is measured, appear to achieve gains in flight performance without paying any obvious costs. It is possible, for example, that an increase in mass loading may be offset at no cost by improving metabolic to mechanical power conversion efficiency (21) or perhaps bird morphology provides elastic energy storage mechanisms (18) . Of course, if metabolic to mechanical power conversion efficiency is improved during mass loading, then, counterintuitively, efficiency is maintained at a lower level when unloaded. It seems more likely that responses to mass loading will be multifaceted and involve one or more currencies. Therefore, a demonstration of zero cost of mass loading should be treated with caution. Nevertheless, the concept of minimal cost for mass loading or increased flight performance in birds remains an intriguing possibility and adds further complexity to the possible outcomes of mass loading in migratory and other animal flight.
